In cystic fibrosis (CF), the condition limiting the prognosis of affected children is the chronic obstructive lung disease accompanied by chronic and persistent infection with mostly mucoid strains of Pseudomonas aeruginosa. The majority of CF patients have antineutrophil cytoplasmic antibodies (ANCA) primarily directed against the bactericidal permeability-increasing protein (BPI) potentially interfering with antimicrobial effects of BPI. We analyzed the expression of BPI in the airways of patients with CF. In their sputum samples or bronchoalveolar lavage specimens, nearly all patients expressed BPI mRNA and protein, which were mainly products of neutrophil granulocytes as revealed by intracellular staining and subsequent flow cytometry. Repeated measurements revealed consistent individual BPI expression levels during several months quantitatively correlating with interleukin-8. In vitro, P. aeruginosa isolates from CF patients initiated the rapid release of BPI occurring independently of protein de novo syntheses. Furthermore, purified natural BPI as well as a 27-mer BPI-derived peptide displayed antimicrobial activity against even patient-derived mucoid P. aeruginosa strains and bacteria resistant against all antibiotics tested. Thus, BPI that is functionally active against mucoid P. aeruginosa strains is expressed in the airways of CF patients but may be hampered by autoantibodies, resulting in chronic infection.
Cystic fibrosis (CF) is the most common lethal hereditary disease in the Caucasian population (about 1:2,500). In the majority of CF patients, mutations in the cystic fibrosis transmembrane conductance regulator gene occur. These mutations result in a nonfunctional chloride channel on epithelial membranes, therefore leading to an imbalance of electrolyte transport on epithelia and subsequently to severe dysfunction in multiple organs (16) .
The major cause for morbidity and mortality in CF patients is the neutrophil-dominated lung inflammation caused predominantly by chronic Pseudomonas aeruginosa airway infections (10) . The events that lead to chronic lung infection in CF patients are still poorly understood.
Immune defense mechanisms and antibiotic therapy against P. aeruginosa infections in CF patients are partially ineffective because of the capacity of P. aeruginosa to develop mucoid phenotypes by producing an alginate capsule that enables biofilm formation. Bacteria in alginate biofilms are less accessible to endogenous antibacterials, phagocytes, and complement (12, 15) . Furthermore, biofilms contribute tremendously to the resistance of P. aeruginosa to applied antibiotics, partially because of slow growth (11) , but hypermutation also plays a key role in the development of multiple-antimicrobial resistance (5, 18) , namely, to ticarcillin, ceftazidime, and gentamicin (19) .
Antimicrobial peptides and proteins are important effector molecules in innate immunity to combat bacterial infections. The main producers of such molecules are neutrophil granulocytes that play a key role in CF lung inflammation. Bactericidal permeability-increasing protein (BPI) is abundantly expressed in neutrophils and is stored in acidic granules (8) . In addition, it was shown that BPI is also expressed in epithelial cells (3) . The 55-kDa BPI has restricted antimicrobial activity against gram-negative bacteria. Direct bactericidal activity and lipopolysaccharide neutralization are mediated by the N-terminal part of the protein, whereas the C-terminal region has been shown to opsonize bacteria (9) . Recently, a mouse ortholog of human BPI was described, indicating the importance of this antimicrobial protein throughout evolution in different vertebrate species (7) . Antineutrophil cytoplasmic autoantibodies against BPI (BPI-ANCA) have been found in up to 90% of CF patients (22, 28) , and the presence of BPI-ANCA has been shown to correlate with chronic P. aeruginosa lung infection (1, 6) and Pseudomonas-induced lung damage (4) . In vitro, BPI-ANCA have been shown to inhibit neutrophil-mediated killing of P. aeruginosa (24) . This raises the possibility that neutralizing BPI-ANCA interfere with the bacterial killing of P. aeruginosa in the lungs of CF patients and thereby are a key factor for the bacteria to establish chronic infection.
However, there is no information on the expression and regulation of BPI in the airways of CF patients or on the interaction of BPI with mucoid as well as multiresistant P. aeruginosa strains. In this study, we show that BPI is present in the bacterially infected airways of CF patients. Furthermore, BPI is released from granulocytes after bacterial encounter with P. aeruginosa. Finally, BPI is effective against mucoid and drug-resistant strains of P. aeruginosa and kills these bacteria rapidly and efficiently. These results indicate that BPI may have potential as a new therapeutic agent in CF lung infections.
The Netherlands) and was labeled with a secondary phycoerythrin-conjugated monoclonal rat anti-mouse IgG1 antibody (clone A85-I; BD Pharmingen). Nonconjugated mouse IgG1() (clone MOPC-21; BD Pharmingen) was used as an isotype control. After Fc binding sites were blocked to prevent unspecific binding, antibodies were applied for 20 min at RT for surface staining. For intracellular staining of BPI, 100 l of cells were incubated (10 min at RT) with 1 ml of fluorescence-activated cell sorter lysing solution (Becton Dickinson), followed by incubation (10 min at RT) with 500 l fluorescence-activated cell sorter lysing solution with 0.2% saponin (Sigma). After the cells were washed, BPI antibody was applied for 30 min at RT. For the detection of oxidative burst, granulocytes were incubated with dihydrorhodamine (Sigma) at a final concentration of 5 M for 15 min at 37°C and 2 ϫ 10 6 cells were then stimulated with an MOI of 200 P. aeruginosa CFU for 15 min or 1 h at 37°C, respectively. After the cells were washed with PBS-1% fetal calf serum, analysis was performed by flow cytometry.
All flow cytometry measurements were performed with a FACSCalibur cytometer using CellQuest Pro software (BD Biosciences, Heidelberg, Germany).
Bacterial killing by BPI. BPI purified from human blood was purchased from Wieslab AB (Lund, Sweden). BPI peptide (sequence, N-A-N-I-
) was synthesized and high-pressure liquid chromatography purified by Peptron (Daejeon, Korea).
Assays for BPI activity against bacteria were performed in 96-well plates in a volume of 50 l of PBS. A total of 10 4 bacteria/ml was incubated at 37°C with different concentrations of BPI or BPI peptide for the time points indicated and then plated on blood agar. After incubation at 37°C overnight, bacterial colonies were quantified.
Statistics. Statistical significance was analyzed using Prism 3.0 GraphPad software. Linear regression was calculated for correlation of BPI and IL-8 (see Fig.  3 ). Results are expressed as means Ϯ standard deviations (see Fig. 4B and C and 6). Significance was tested by one-way analysis of variance, followed by Dunnett's multiple comparison tests. Statistical significance was reached if P was Ͻ0.05.
RESULTS
We were interested in whether BPI is detectable in the lungs of bacterially infected CF patients. To answer this question, cells contained in sputum samples of CF patients were isolated and prepared for mRNA and protein analyses of BPI. The cells extracted from sputum samples mainly consisted of neutrophil granulocytes (see Fig. 2 ), which are reported to form the large majority of infiltrating cells of the lung mucosa during CF (13) . The vast majority (43 of 51 analyzed) of sputum samples were found positive for BPI mRNA as shown for seven patients in Fig. 1A . However, only low levels of BPI mRNA were detectable using a quantitative real-time PCR. This was also confirmed in repetitive samples isolated from patients chronically colonized with P. aeruginosa (data not shown). Furthermore, BPI could be detected in most samples on the protein level of whole-cell lysates by using a specific immunoblot assay (Fig.  1B) . In order to determine which cells are the main producers of BPI in lung fluid from CF patients, we set up flow cytometry analysis. By this technique, we found that neutrophil granulocytes of sputum-derived cells express high levels of BPI intracellularly. In five of nine sputum samples analyzed, over 90% of CD66b-positive cells were also BPI positive, showing a high frequency of BPI-positive neutrophil granulocytes in CF lung fluid. In addition, a second cell population, which was CD66b/ CD14 negative, also contained intracellular BPI. The expression of BPI in the CD66b/CD14-negative cell population was lower compared to that of the neutrophils ( Fig. 2A and B) . According to microscopic analysis of sputum samples, these cells have the morphological features of epithelial cells, although this could not be shown directly due to the lack of suitable marker molecules. Similar findings were observed in bronchoalveolar lavage specimens from CF patients (Fig. 2C) . Therefore, we concluded that BPI is strongly expressed at the Next, we were interested in whether BPI is also released by the BPI-expressing cells into lung fluid. Therefore, we analyzed cell-free sputum supernatants and were able to detect BPI as well as IL-8 protein in each sample. Furthermore, by comparison of IL-8 and BPI levels, a positive correlation (r 2 ϭ 0.6785) was found in supernatants of sputum samples (Fig. 3) . Therefore, BPI and IL-8 seem to be released coordinately into lung fluid.
To determine the mechanism underlying the expression and release of BPI from neutrophil granulocytes in the presence of P. aeruginosa, in vitro experiments with isolated human granulocytes from healthy donors were performed. Polymorphonuclear leukocytes (PMNs) were isolated by density gradient centrifugation as described in Materials and Methods. Thereafter, PMNs were cultured in the presence of P. aeruginosa and oxidative burst was determined as an activation control (Fig.  4A ). Both IL-8 and BPI were released from PMNs in a timedependent manner following bacterial encounter ( Fig. 4B and C). To analyze whether BPI is released solely from intracellular stores or in addition is transcriptionally activated, the protein de novo synthesis of the PMNs was inhibited during the P. on October 31, 2017 by guest http://iai.asm.org/ aeruginosa stimulation period. We could show that the release of BPI induced by P. aeruginosa is completely independent of protein de novo synthesis and is solely mediated by release from, presumably, azurophil granules (Fig. 4C) , whereas the levels of IL-8 could be significantly reduced by the inhibition of protein synthesis with cycloheximide (Fig. 4B) . Similar results were obtained with the transcription inhibitor actinomycin D (data not shown). In accordance with these data on BPI inhibition and with the data obtained from neutrophils isolated from lung fluid, mRNA levels of BPI remained low in the neutrophil granulocytes throughout P. aeruginosa stimulation (data not shown). Therefore, it appears that BPI and IL-8 are released from PMNs in a coordinated fashion, but the release of BPI is mediated solely from intracellular stores, whereas IL-8 needs further synthesis during the exocytosis process. It has already been shown that BPI is able to kill wild-type P. aeruginosa (25) . However, it is well documented that P. aeruginosa changes its phenotype during chronic and recurrent infection in the lungs of CF patients. One of the hallmarks of the phenotypic changes of P. aeruginosa is growth as a mucoid strain. Bacteria with a mucoid phenotype form alginate capsules which enable them to establish biofilms in the lung. Furthermore, these bacteria may already be resistant to antibiotics applied in the therapy of CF lung infections (11) . Therefore, we were interested in whether BPI is biologically active against mucoid and antibiotic-resistant strains of P. aeruginosa. Natural BPI extracted from human neutrophils and a 27-amino-acid peptide of BPI were used in kill assays to determine the potency of BPI to act bactericidally against mucoid and antibiotic-resistant P. aeruginosa strains. The BPI peptide from the FIG. 3 . Positive correlation of BPI and IL-8 concentrations in cellfree lung fluid from CF patients. Supernatants of sputum samples from CF patients were collected after treatment with sputolysin and subsequent centrifugation. IL-8 and BPI levels were determined by ELISA. Linear regression shows the positive correlation r 2 ϭ 0.6785. The P value was Ͻ0.0001.
FIG. 4.
BPI is released from neutrophils after stimulation with P. aeruginosa. Human PMNs were isolated from whole blood from healthy donors by density gradient centrifugation. Oxidative burst was analyzed by flow cytometry of dihydrorhodamine-labeled cells stimulated with P. aeruginosa for the time periods indicated (A). Histograms are shown for stimulated cells (black) versus nonstimulated controls (white). The release of BPI and IL-8 was determined after stimulation with UV-inactivated bacteria (MOI, 20 CFU) in the presence or absence of cycloheximide, which was applied 15 min before the bacteria. Cell-free supernatants were collected after distinct time points, and IL-8 (B) and BPI (C) protein was measured by ELISA. Three individual experiments are shown for IL-8 and BPI measurements. Due to variances in the level of BPI from different blood donors, the results are given as induction levels (n-fold). * , P Ͻ0.05 for P. aeruginosa-stimulated cells versus median controls; ** , P Ͻ0.01
for P. aeruginosa-stimulated cells versus median controls; ##, P Ͻ0.01 for P. aeruginosa-stimulated cells with cycloheximide versus P. aeruginosastimulated cells. n.d., not detected; ns, not significant. Error bars indicate standard deviations.
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on October 31, 2017 by guest http://iai.asm.org/ amino-terminal part of the protein has previously been shown to have bactericidal and lipopolysaccharide binding activity (17) . As expected, the BPI peptide, like the full-length BPI, was able to kill P. aeruginosa (strain ATCC 27853) in a concentration-dependent fashion (Fig. 5A ). More importantly, P. aeruginosa strains that were freshly isolated from CF lungs and growing with a mucoid phenotype were killed by BPI peptide and full-length BPI protein (Fig. 5B and C and 6A) . The data shown for BPI peptide are representative for 12 clinical CF isolates tested, including 7 mucoid strains. Furthermore, we included clinical P. aeruginosa isolates derived from CF patients in the experiments; these isolates were either resistant to several antibiotics or were characterized as fully resistant to all antibiotics tested during routine diagnostics (piperacillin, ceftazidime, cefepime, imipenem, meropenem, tobramycin, amikacin, and ciprofloxacin). Nevertheless, full-length BPI and BPI peptide (data shown are representative for four resistant isolates tested) were both bactericidal against the antibiotic-resistant strains of P. aeruginosa in a concentration-and time-dependent manner ( Fig. 5B and C and 6 ), similar to wild-type and nonresistant bacteria. Clinical isolates treated with 10 g/ml of BPI, apart from the reduced number of CFU, showed dramatically reduced growth rates, observable by the reduced size of the colonies compared to nontreated controls. This finding is consistent with published data on bacteriostatic effects of BPI (2) . From these results, we conclude that BPI is bactericidal against P. aeruginosa even if the strains form alginate capsules or are resistant to a variety of antibiotics. FIG. 5 . Antimicrobial activity of a BPI-derived peptide and kinetics of BPI-mediated killing. A 27-amino-acid peptide from the aminoterminal region of BPI was synthesized and compared to natural BPI isolated from human granulocytes. BPI peptide was used at the indicated concentrations to determine bactericidal activity against P. aeruginosa. BPI peptide was coincubated with the bacteria for 1 h at increasing concentrations (A and B), whereas BPI was applied at 10 g/ml for time-dependent killing of P. aeruginosa (C) and then plated on blood agar to quantify surviving bacteria (A, B, and C). In panel A, the ATCC 27853 strain was used. In panels B and C, the P. aeruginosa stains used were freshly isolated from the lungs of CF patients, one showing a mucoid phenotype (gray bars) and the other being fully resistant to common antibiotics applied in CF lung infection (white bars). n.d., not detected. 
DISCUSSION
It has been suggested that BPI plays a crucial role during P. aeruginosa lung infections in CF patients (8, 23, 24, 22) . Nevertheless, to date, there are no data available on the expression of BPI in the infected lungs of CF patients. Therefore, diverse samples originating from the lungs of CF patients were analyzed by different methods to determine the presence of BPI. Most of these patients suffer from chronic lung infection with P. aeruginosa. Both BPI mRNA and BPI could be detected from cells contained in sputum samples from CF patients (Fig.  1) , and further analysis by flow cytometry showed that sputumderived cells are mainly composed of neutrophil granulocytes (Fig. 2) . In fact, in six of nine samples analyzed, the portion of CD66b-positive cells exceeded 70% and was even 85% in BALs, whereas only very low levels of monocytes could be detected. Although the main producers of BPI in the infected lungs of CF patients are neutrophils, another CD66b-negative cell type also carried BPI intracellularly. Recently, mucosal epithelia have been shown to be able to produce immune effector molecules, including BPI (3). In CF patients with chronic lung infection, the ongoing inflammation leads to the destruction of the lung tissue, which might explain the presence of epithelial cells in sputum samples, suggesting that the second BPI-positive cell population is epithelial cells. Microscopic analysis of these cells revealed that this population is very likely from epithelial origin. BPI could also be detected in cell-free lung fluid from CF patients (Fig. 3) . This finding argues for a potent and ongoing stimulation of granulocyte degranulation in vivo. The high variance in the amount of BPI measured from sputum sample supernatants might be due to multiple reasons. The quality and amount of sputum samples vary greatly, and for technical reasons, cell numbers contained in different samples cannot be allowed for before processing. Due to the treatment, sputum samples already undergo a dilution of about 1:10 before BPI measurement, which further emphasizes the high concentration that can be reached in the lung. The finding that BPI levels correlate strongly with levels of IL-8 (r 2 ϭ 0.6785) suggests that both proteins are released in a coordinated fashion. BPI is known to be stored in azurophil (primary) granules of PMNs (2, 26) . A possible scenario of the positive correlation of IL-8 with BPI in the lung fluid could be that IL-8 produced by other cells, like alveolar macrophages or epithelial cells, governs the amount of PMNs recruited to the lung and, therefore, the amount of BPI released in the lung fluid. However, BPI levels from sputum supernatants correlate only partially with cell numbers, and we could also show (Fig.  4) that BPI as well as IL-8 is released from PMNs after coincubation with P. aeruginosa. The release of BPI from neutrophils of CF patients was not altered in a limited number of samples tested so far (data not shown). In addition, the presence of very high concentrations of cell-free BPI in the airways of CF patients also argues against a defect of BPI release as a consequence of the chloride channel mutation.
BPI and IL-8 levels do not correlate with the P. aeruginosa status of the patients (nor with other pathogens often involved in CF lung infection, like Staphylococcus aureus or Candida albicans), suggesting that additional mechanisms triggering the release of effector proteins from granules are involved. BPIspecific ANCA, which are found in up to 90% of CF patients, might also play a role because ANCA are able to activate neutrophils, causing respiratory burst and degranulation (21, 24) . It has also been shown that the release of superoxide is due to cross-linking of ANCA-antigens (14) . It was previously reported that BPI mRNA occurs early in PMN development, consistent with the localization of BPI in primary (azurophil) granules (27) . Our finding that the release of BPI, in contrast to IL-8, is independent of de novo protein synthesis, together with the fact that we were able to detect only low copy numbers of BPI mRNA, both in PMNs isolated from whole blood (Fig.  4) and in sputum-derived cells, suggests that the regulation of BPI on a transcriptional level after P. aeruginosa stimulation plays a minor role.
The ability to form a biofilm seems to be an important virulence factor for P. aeruginosa to establish chronic infection (11, 20) . In CF, P. aeruginosa strains with mucoid phenotypes and the ability to form biofilms cause major therapeutic problems because of their lower susceptibilities to antibiotic treatment. Here we show that BPI is also able to kill P. aeruginosa strains that are encapsulated by alginate; moreover, BPI was also bactericidal against P. aeruginosa strains that were multiresistant or even completely resistant to all antibiotics used in P. aeruginosa treatment.
In contrast to our findings with several independent clinical isolates from CF patients in a previous study, other authors observed nearly no activity of BPI against P. aeruginosa (25) . This may be due to (i) the preparation of BPI used in that study, (ii) the experimental setting of the killing assay, or (iii) the particular strain of Pseudomonas. Our data suggest that BPI, which is released from PMNs into lung fluid, should be able to eliminate invading P. aeruginosa. The concentrations that were reached in lung fluid from CF patients (Fig. 3) are in the range of those used in in vitro experiments ( Fig. 5 and 6 ). The dose range of BPI-mediated Pseudomonas killing is similar to that reported for other gram-negative rods. However, ANCA specific for BPI may interfere with the antibiotic activity of BPI, as already shown in vitro (22, 24) , leading to conditions that enable P. aeruginosa to form biofilms. Once a robust biofilm is established, the bacteria become very hard to treat with antibiotics and are additionally sheltered from attack by the immune system. Whether BPI is also able to efficiently kill these bacteria remains to be elucidated. Further analysis needs to be established to determine whether BPI or antimicrobial peptides derived from BPI are applicable in the treatment of P. aeruginosa lung infections during CF, which might open a new possibility in the management of this disease. In a proportion of CF patients, BPI-ANCA do recognize only the C-terminal portion of BPI (22) , suggesting that the BPI peptide used in our experiments, which is part of the N-terminal portion of BPI, might not be recognized by BPI-ANCA of all patients. This indicates that small, BPI-derived peptides might be an additional therapeutic agent to treat P. aeruginosa lung infection in CF patients if therapy is applied as early as P. aeruginosa is detected and before biofilms can be established.
